
History  of Plant Biotechnology

Plant tissue culture, rDNA
technology, transgenic development 

and molecular markers



• It was in 1902 that the well-known German plant
physiologist, Gottlieb Haberlandt (1854–1945),
attempted to cultivate plant tissue culture cells in
vitro. He is regarded as the father of plant tissue
culture.

• Haberlandt started his experiments in 1898 using
single cells isolated from the palisade tissue of
Lamium purpureum, pith cells from petioles of
Eicchornia crassipes, glandular hair of Pulminaria
and Utrica, stamen hair cells of Tradescantia,
Stomatal guard cells of Ornithogalum, and the
other plant materials.

• He grew them on Knops salt solution with glucose,
sucrose and peptone. Gottlieb Haberlandt (1902)
developed the concept of in vitro cell culture.



• Haberlandt realized that asepsis was necessary when
culture media are enriched with organic substances
metabolised by microorganisms.

• In his cultures, cells were able to synthesize starch as
well as increase in size and survived for several weeks.
However,

• Haberlandt failed in his goal to induce these cells to
divide.

• Despite drawbacks, he made several predictions about
the requirements for cell division under experimental
conditions in 1902, which have been confirmed with
the passage of time.



Year Contribution Discoverer

1902 First attempt of plant tissue culture Haberlandt 

1904 Embryo culture of selected crucifers 

attempted 

Hannig 

1922 In vitro culture of root tips Robbins 

1934 In vitro culture of the cambial tissue of a 

few trees and shrubs, although failed to 

sustain cell division 

Gautheret 

1934 Successful culture of tomato roots White 

1939 Successful establishment of continuously 

growing callus cultures 

Gautheret, 

Nobecourt and 

White 

1941 Use of coconut milk containing a cell 

division factor for the first time in Datura

van Overbeek

Plant tissue culture



1944 Adenine induces bud formation in tobacco Skoog

1955 Discovery of kinetin a cell division 

hormone 

Miller et al. 

1957 Discovery of the regulation of organ 

formation by changing the ratio of auxin: 

cytokinin

Skoog and 

Miller 

1962 Development of Murashige and Skoog

nutrition medium 

Murashige

and Skoog

Plant tissue culture



196

8 

Restriction endonuclease term coined to a 

class of enzymes involved in cleaving DNA 

Meselson

and Yuan 

197

0 

Discovery of first restriction endonuclease

from Haemophillus influenzae Rd (HindII) 

Kelly and 

Smith 

1972 First recombinant DNA molecule produced using 

restriction enzymes 

Jackson et al. 

1972 Joining of two restriction fragments regardless of their 

origin produced by the same restriction enzyme by the 

action of DNA ligase

Mertz and 

Davis 

1973 Use of Lobban and Kaiser technique to develop hybrid 

plasmid - insertion of EcoRI fragment of DNA molecule 

into circular plasmid DNA of bacteria using DNA ligase. 

Gene from African clawed toad inserted into plasmid 

DNA of bacteria 

Cohen et al. 

rDNA technology



1974 Discovery that the Ti plasmid is the tumor 

inducing principle of Agrobacterium

Zaenen et al.; 

Larebeke et al.

1977 Successful integration of the Ti plasmid 

DNA from A. tumefaciens in plants 

Chilton et al.

1977 A method of gene sequencing based on 

degradation of DNA chain 

Maxam and 

Gilbert 

1977 Discovery of split genes Sharp &Roberts 

1984 Transformation of tobacco with 

Agrobacterium ; transgenic plants 

developed 

De Block et al.; 

Horsch et

Transgenic development



1980 Restriction fragment length polymorphism 

(RFLP) technique developed 

Botstein 

et al.

1986 Genetic fingerprinting technique developed 

for identifying individuals by analyzing 

polymorphism at DNA sequence level 

Jeffreys

1990 Random amplified polymorphic DNA (RAPD) 

technique developed 

Williams et 

al., Welsh 

and 

McClelland 

1995 DNA finger printing by amplified fragment 

length polymorphism (AFLP) technique 

developed 

Vos et al. 

Molecular markers
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Seed culture Culture of seeds in vitro  to generate
seedlings/plants.
 
Embryo culture Culture of isolated mature or immature
embryos on nutrient medium.
 
Organ culture Culture of an isolated plant organ   in

vitro. Different types can be distinguished e.g.
meristem culture, shoot tip culture, root culture, anther/
pollen  culture.
 
Callus culture Culture of differentiated tissue from
explants allowed to differentiate in vitro  and a so called
callus tissue is produced and this  process  is  termed
as callus culture.



Cell culture Culture of isolated cells or very small cell
aggregates remaining dispersed in liquid medium.
 
Protoplast culture  Culture of plat protoplasts i.e. cells devoid of
their retaining cell walls. Some of the most commonly
used terms I plat tissue culture have been defined/
explained
Terminologies related to tissue cultures
Adventitious Development of organs (shoots, root, buds,
flowers etc) or embryos (embryo like structures) from
unusual points of origin, where they would not normally be
derived. Also at these points a performed meristem is
lacking.
 
Aseptic Free from all micro-organism (fungi, bacteria,
viruses, etc.)i.e. sterile



Axenic culture Free of external contaminants ad internal
symbionts.
 
Axillary Originating in the axils of the leaves.
 
Callus Actively dividing o-organized tissues of
undifferentiated and differentiated cells often developing
from injury (wounding) or in tissue culture in the presence of
growth regulators.
 
De novo It means from the beginning, a new, afresh.
 
Differentiation The development of cells or tissue with a specific
function and /or regeneration of organ like structure or (pro)
embryos.



Embryoids Embryo like structure, produced by
somatic cells in vitro ; also adventitious embryos
developing in vitro  by vegetative means.
 
Embryogenesis It is used to describe the origin of
plantlets by first developing the embryos from a
group of cells asexually as somatic embryogenesis or
from a fertilized egg cell as sexual embryogenesis.
 
Explants An excised piece of tissue or organ take
from the plant which is used to initiate a culture.
 
Inoculation Placing of an explant in or on a nutrient
medium.



Sterilization Procedure for the elimination of micro-
organisms.
 
Subculture Transplanting a cell, tissue or organ, etc.
from one nutrient medium to another.
 
Tissue A group of cells that perform a collective
function.
 
Totipotency The ability of cells to regenerate in to
whole plant from which it is derived.
 



Tissue Culture



Seed Culture



•

•

•

•

Meristem culture particularly involves the
cultivation of the shoot apical meristem.
This technique also refers to Shoot tip or
Apical meristem culture.
In 1952 Morel and Martin were the first
scientists who developed the technique
of meristem culture for in-vivo virus
eradication of Dahlia.
Orchid cymbidium was micropropagated
using this culture by Morel in 1965.

Meristem Culture



Embryo Culture











Callus Formation
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Micropropagation 
(Method, Advantages & Disadvantages) 

  

 

Lect note: AGP 218 
Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

Micropropagation 

 Multiplication of genetically identical copies of a cultivar by asexual reproduction is called 

clonal propagation. In nature, clonal propagation occurs by apomixis (seed development without 

meiosis and fertilization) and/or vegetative propagation (regeneration of new plants from 

vegetative parts). Tissue culture has become popular method for vegetative propagation of plants. 

Aseptic method of clonal propagation is called as Micropropagation and it offer the advantage of 

large number of true-to-type plantlets can be produced with relatively short time and space from 

a single individual. It is the fact that micropropagation is the only commercially viable method of 

clonal propagation of most of the horticultural crops. e.g. Orchids.  

 

Explants used in Micropropagation 

 Different kinds of explants were used in micropropagation. For example, in case of orchids, 

shoot tip (Anacamptis pyramidalis, Aranthera, Calanthe, Dendrobium), axillary bud (Aranda, 

Brassocattleya, Cattleya, Laelia), inflorescence segment (Aranda, Ascofinetia, Neostylis, Vascostylis), 

lateral bud (Cattleya, Rhynocostylis gigantean), leaf base (Cattleya), leaf tip (Cattleya, Epidendrum), 

shoot tip (Cymbidium, Dendrobium, Odontioda, Odontonia), nodal segment (Dendrobium), flower stalk 

segment (Dendrobium, Phalaenopsis) and root tips(Neottia, Vanilla) are being used in 

micropropagation.  

 

Stages in micropropagation 

 Micropropagation generally involves five stages. Each stage has its own requirements.  

Stage 0: Preparative stage 

 This stage involves the preparation of mother plants to provide quality explants for better 

establishment of aseptic cultures in stage 1. To reduce the contamination problem in the subsequent 

stages, mother plant should be grown in a glasshouse and watered so as to avoid overhead 

irrigation. This will also reduce the need for a harsh sterilization treatment. Stage 0 also includes 

exposing the stock plants to suitable light, temperature and growth regulator treatments to 

improve the quality of explants. In the case of photosensitive plants it may be possible to obtain 

suitable explants throughout the year by controlling photoperiod in the glasshouse. For example, 



2 

 

red-light treated plants of Petunia provided leaf explants which produced up to three times as many 

shoots as did the explants from untreated plants.  

Stage 1. Initiation of culture 

1. Explant: The nature of explant to be used for in vitro propagation is governed by the method of 

shoot multiplication. For enhanced axillary branching, only the explants which carry a pre-

formed vegetative bud are suitable. When the objective is to produce virus-free plants from an 

infected individual it becomes necessary to start with sub-millimeter shoot tips. If the stock is 

virus-tested or virus eradication is not necessary, then the most suitable explant is nodal 

cuttings. Small shoot-tip explants have a low survival rate and show slow initial growth. 

Meristem tip culture may also result in the loss of certain horticultural characteristics which are 

controlled by the presence of virus, such as the clear-vein character of the Geranium cv. 

Crocodile (Figure). Generally, the clear vein character is transmitted in petiole-segment culture 

but not in shoot-tip culture.  

2. Sterilization: Special precautions need to be taken when explants are derived from field-grown 

materials, which is often necessary in cloning an elite tree. In such cases an ideal approach 

would be to take cuttings from the selected plant and grow them in greenhouse. Discarding the 

surface tissues from plant materials while preparing the explants also minimizes the loss of 

cultures due to microbial contamination.  

3. Browning of medium: A serious problem with the culture of some plant species is the oxidation 

of phenolic compounds leached out from the cut surface of the explant. It turns the medium 

dark brown and is often toxic to the tissues. This problem is common with the adult tissues 

from woody species.  

Stage 2. Multiplication 

This is the most crucial stage since it is the point at which most of failures in micropropagation 

occur. Broadly three approaches have been followed to achieve in vitro multiplication. 

1. Through callusing: The potentiality of plant cells to multiply indefinitely in cultures and their 

totipotent nature permit a very rapid multiplication of several plant types. Differentiation of 

plants from cultured cells may occur via shoot-root formation (organogenesis) or somatic 

embryogenesis. Somatic embryogenesis is most appealing from a commercial angle. A somatic 

embryogenesis system once established lends itself to better control than organogenesis. Since 

somatic embryos are bipolar structures, with defined root and shoot meristems, the rooting 

stage required for microshoots gets eliminated. Above all, somatic embryos being small, 

uniform and bipolar are more amenable to automation at the multiplication stage and for field 



3 

 

planting as synthetic seeds, offering cost advantages from labour savings, can also be stored 

through cold storage, cryopreservation or dessication for prolonged periods. These 

characteristics make somatic embryogenesis potentially a less expensive and flexible system 

for micropropagation. The most serious objection against the use of callus cultures for shoot 

multiplication is the genetic instability of their cells.  

2. Adventitious bud formation: Buds arising from any place other than leaf axil or the shoot apex 

are termed adventitious buds. The shoots differentiated from calli should also be treated as 

adventitious buds. In many crops, vegetative propagation through adventitious bud formation 

from root (blackberry, raspberry) and leaf (Begonia, Crassula) cuttings is standard horticultural 

practice. In such cases the rate of adventitious bud development can be considerably enhanced 

under culture conditions. For most bulbous plants (e.g. Lilley) adventitious bud formation is 

the most important mode of multiplication and the best explants are obtained from bulb scales. 

A serious problem may arise when this method of propagation is applied to varieties which 

are genetic chimeras. Adventitious bud formation involves the risk of splitting the chimeras 

leading to pure type plants. For example, in variegated geranium cv. Mme Salleron, the 

chimera is perpetuated in meristem culture but broken down in petiole culture (Figure).  

3. Enhanced axillary branching: In cultures the rate of shoot multiplication by enhanced axillary 

branching can be substantially enhanced by growing shoots in a medium containing a suitable 

cytokinin at an appropriate concentration with or without auxin. Due to continuous availability 

of cytokinin, the shoots formed by the bud, present on the explant, develops axillary buds 

which may grow directly into shoots. This process may be repeated several times and the initial 

explant transformed into a mass of branches.  

Stage 3. Rooting of shoots 

 Somatic embryos carry a pre-formed radicle and may develop directly into plantlet. 

However, these embryos often show very poor conversion into plantlets, especially under in vitro 

conditions. They require an additional step of maturation to acquire the capability for normal 

germination. Adventitious and axillary shoots developed in cultures in the presence of a cytokinin 

generally lack roots. To obtain full plants the shoots must be transferred to a rooting medium which 

is different from the shoot multiplication medium, particularly in its hormonal and salt 

compositions. For rooting, individual shoots measuring 2 cm in length are excised and transferred 

to the rooting medium.  

Stage 4. Transplantation 
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 The ultimate success of commercial propagation depends on the ability to transfer plants 

out of culture on a large scale, at low cost and with high survival rates. The plants multiplied in 

vitro are exposed to a unique set of growth conditions (high levels of inorganic and organic 

nutrients, growth regulators, sucrose as carbon source, high humidity, low light, poor gaseous 

exchange) which may support rapid growth and multiplication but also induce structural and 

physiological abnormalities in the plants, rendering them unfit for survival under in vivo 

conditions. The two main deficiencies of in vitro grown plants are – poor control of water loss and 

heterotrophic mode of nutrition. Therefore, gradual acclimatization is necessary for these plants to 

survive transition from culture to the greenhouse or field. During acclimatization the in vitro 

formed leaves do not recover but the plant develops normal leaves and functional roots. While 

transferring out shoots/roots their lower part is gently washed to remove the medium sticking to 

them. The individual shoots or plantlets are then transferred to potting mix and irrigated with low 

concentration of inorganic nutrients. This probably recommissions the photosynthetic machinery 

of plants, enabling them to withstand the subsequent reduction in the ambient relative humidity 

and survive under field conditions. A variety of potting mixtures such as peat, perlite, polystyrene 

beads, vermiculate, fine bark, coarse sand etc. or their mixtures in different combinations are used 

for transplantation. For initial 10-15 days, it is essential to maintain high humidity (90-100%) 

around the plants, to which they got adapted during culture. The humidity is gradually reduced 

to ambient level over a period of 2-4 weeks.  

 

Advantages of micropropagation:  

1. Clonal mass propagation - extremely large numbers of plants can be produced. Rather than 

getting 10000 plants per year from an initial cutting in vegetative propagation, one can obtain more 

than 1,000,000 plants per year from one initial explant through micropropagation.  

2. Culture is initialized from small parts of plants – so no need of much space: from 1 m2 space in 

culture room, 20000 - 100000 plants can be produced per year. 

3. Production of disease and virus free plantlets. This leads to simplification of international 

exchange of plants  

4. Micropropagation enables growers to increase the production of plants that normally propagate 

very slowly such as Narcissus and other bulbous crops.  

5. Introduction of disease free new cultivars is possible through micropropagation  

6. Vegetative propagation of sterile hybrids can be used as parent plants for seed production. Eg. 

Cabbage  
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7. One of the rapid methods for cloning of disease free trees. 

8. In vitro cultures can be stored for long time through cryopreservation.   

9. Breeding cycle can be shortened.  

 

Disadvantages of micropropagation  

1. Expensive laboratory equipment and service  

2. No possibility of using mechanization  

3. Plants are not autotrophic  

4. Poor Acclimatization to the field is a common problem (hyperhydricity)  

5. Risk of genetic changes if 'de novo' regeneration is used 

6. Mass propagation cannot be done with all crops to date. In cereals much less success is 

achieved. Regeneration is often not possible, especially with adult woody plant material.  

More problems in inducing rooting 

7. May not get uniform growth of original plant from tissue culture. Each explant has different in 

vitro growth rates and maturation. Thus cannot be used for floriculture crop production where 

uniformity is critical. 

 

 

*********************** 
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Organogenesis and Embryogenesis 

 Lect note: AGP 218  
J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Organogenesis:  
Organogenesis or de novo regenerationis referred to the development of organized structures such as 

shoots, roots, flower buds, somatic embryos etc., from cultured cells or tissues.De novo organogenesis leading to 

complete plantlet regeneration is a multistage process consisting of at least three distinct stages. 

1. Shoot bud formation,  

2. Shoot development and multiplication  

3. Rooting of developed shoots.  

Caulogenesis is a type of organogenesis by which only adventitious shoot bud initiation takes place in the callus 

tissue. When organogenesis leads to root development, then it is known as rhizogenesis. Abnormal structures 

developed during organogenesis are called organoids. The localized meristematic cells on a callus which give rise 

to shoots and/or roots are termed as meristemoids. Meristemoids are characterized as an aggregation of 

meristem-like cells. These can occur directly on an explant or indirectly via callus.  

Thus, there are two kinds of organogenesis. A developmental sequence involving an intervening callus 

stage is termed 'indirect' organogenesis: 

Primary explant → callus → meristemoid→ organ primordium 

Direct organogenesis is accomplished without an intervening proliferate callus stage:  

Primary explant → meristemoid→ organ primordium 

In vitro plant tissues may produce many types of primordial (adventitious buds and organs) including 

those that will eventually differentiate into embryos, flowers, leaves, shoots, and roots. These primordia originate 

de novo from a cellular dedifferentiation process, followed by initiation of a series of events that results in to an 

organ. 

Shoot regeneration is affected by a number of factors. 

1. Growth regulators: In general, shoot regeneration is promoted by cytokinins and auxins have an inhibitory 

effect. It is estimated that the inhibitory effect of one molecule of IAA on shoot regeneration could be counteracted 

by two molecules of kinetin. However, the auxin/cytokinin ratio concept does not apply equally to other species 

such as Citrus, Chickpea and Alfalfa. In general, GA3 inhibits shoot bud regeneration most likely by interfering with 

meristemoid formation. But in some cases, Arabidopsis, it promotes shoot regeneration. In contrast, a large 

number of species show enhanced shoot regeneration due to ABA, which counteract many effects of GA3. The 

variable response of different plant species to the exogenous growth regulators may be explained as follows. 

Shoot and root regeneration require specific levels of the different growth hormones. However, the endogenous 

levels of these hormones may vary considerably among different plant species so that a hormone may be either 

suboptimal, optimal or supraoptimal for shoot or root regeneration. The response of a plant species to an 

exogenous growth regulator would therefore mainly depend on the level of that growth regulator in that species.  

2. Shoot regeneration is markedly affected by the genotype of the explant in that different varieties of a given 

species show quite different frequencies of shoot regeneration. For e.g. in wheat, callus growth and regeneration 
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ability are governed by genes called, tissue culture response gene, which have been mapped in specific 

chromosomes.  

3. Physical condition of the medium has also have influence on the shoot regeneration. In some cases liquid 

medium was superior, while in others it was drastically inferior to agar medium.  

4. Light seems to have an inhibitory effect and the quality of light is also important. 

5. Similarly, Temperature has significant effect on the shoot regeneration. The optimum temperature varies with 

plant species.  

 

Embryogenesis 

 Embryos have been classified into two categories: zygotic embryos and non-zygotic embryos.  

Zygotic embryogenesis 

 Embryos developing from zygotes (resulting from regular fusion of egg) are called as zygotic embryos or often 

simply embryos.  

Non-zygotic embryogenesis  

Usually non-zygotic embryos are formed by cells other than the zygote. e.g. Parthenogenetic embryos - formed 

from unfertilized eggs or a fertilized egg without karyogamy. Androgenetic embryos – formed from microspores, 

microgametophytes or sperm. Somatic embryos (also called as embryoids, accessory embryos, adventitious embryos 

and supernumerary embryos) – formed by somatic cells either in vivo or in vitro.A somatic embryo is an embryo 

derived from a somatic cell, other than zygote, usually on in vitro culture. The process of somatic embryo development 

is called as somatic embryogenesis.  

 

Plant regeneration via somatic embryogenesis for many species can be divided into two phases:1. Selection and 

induction of cells with embryogenic competence, 2.Development of these cells into embryos.Somatic embryos 

generally originate from single cells which divide to form a group of meristematic cells. Usually, this multicellular 

group becomes isolated by breaking cytoplasmic connections with the other cells around it and subsequently by 

cutinization of the outer walls of this differentiating cell mass. The cells of meristematic mass continue to divide to 

give rise to globular (round ball shaped), heart-shaped, torpedo and cotyledonarystages (Figure). Somatic embryo 

genesis begins with active division of cells which leads to increase in size but retains the spherical shape. At this stage 

the primary meristem (protoderm, ground meristem and procambium) becomes visible. Following this stage, the 

callus continues to divide and differentiate into a heart-shaped embryo, with initiation of cotyledon primordia. As 

the cotyledon develops the embryo passes into the torpedo-shaped stage. The cells inside the cotyledonary ring 

divide to form shoot and root apical meristem and procambium differentiation takes place. In general, the essential 

features of somatic embryo development, especially after the globular stage, are comparable to those of zygotic 

embryo.  

 

Somatic embryogenesis leads to the production of a bipolar structure containing in root/shoot axis 

(radicle/plumule) with a closed independent vascular system. The radicular end is always sticks out from the cell 

mass. In contrast, a shoot bud is monopolar as it does not have a radicular end.   
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Somatic embryos show abnormal developmental features, e.g. 3 or more cotyledons, bell-shaped cotyledon, 

larger size etc.; these problems are often overcome by the presence of ABA or a suitable concentration of mannitol. In 

some species normal looking somatic embryos are formed but they fail to germinate; at least some somatic embryos 

do not germinate in most of the cases.  

As mentioned before, these embryos can occur directly on an explant or indirectly viacallus. The somatic embryos 

regenerating from explant or callus are termed as primary somatic embryos. In many cases, somatic embryos 

regenerate from the tissues of other somatic embryo or the parts of germinating somatic embryo. Such somatic 

embryos are called as secondary somatic embryos (and the process is called as secondary embryogenesis or recurrent 

embryogenesis). 

 

Factors affecting somatic embryogenesis 

1. Growth regulators: In most species, an auxin is essential for somatic embryogenesis. The auxin causes 

dedifferentiation of the explant which begins to divide. In carrot, small compact cells divide asymmetrically and 

their daughter cells stick together to produce cell masses called proembryogenic masses or embryogenic clumps 

or 'proembryogenically determined cells' (PEDC). In the presence of auxins, the embryogenic clumps grow and 

break up into smaller cell masses which again produce embryogenic clumps. But when the auxin is either removed 

or reduced and cell density is lowered, each embryogenic clump gives rise to few to several somatic embryos. 

Some glycoproteins produced by totipotent cells are secreted into the medium; when these proteins are added into 

the culture medium they speed up the process of acquisition of totipotency. A class of proteins, called 

arabinogalactan proteins (90% carbohydrates with a protein backbone) induces somatic embryo regeneration in 

undifferentiated carrot cells, indicating their role in this process. Auxins promote hypermethylation of DNA which 

may have a role in totipotency acquisition. In alfalfa, recurrent cycles of somatic embryogenesis- secondary 

embryogenesis or recurrent embryogenesis - occur in growth regulator free medium and each somatic embryo can 

give rise to about 30 somatic embryos.  

2. Sucrose content: When embryogenic clumps transferred to an appropriate medium, somatic embryo proceeds 

from globular, heart-shaped, torpedo to cotyledonary stages. This is called as somatic embryo development phase. 

In most species, somatic embryos begin to germinate immediately after the cotyledonary stage, and this is termed 

as somatic embryo conversion. But the plantlets will be very weak. Therefore, the somatic embryos are subjected 

to maturation phase. In this phase, somatic embryos do not grow but undergo biochemical changes to become 

more sturdy and hardy. This is achieved by culturing them on a high sucrose medium or in presence of a suitable 

concentration of ABA or by subjecting them to desiccation (usually this is achieved by enclosing somatic embryos 

in a sterile, sealed, empty Petri dishes).  This improves the somatic embryo conversion by several folds.  

 
3. Nitrogen source: The form of nitrogen has marked effect on somatic embryogenesis. In carrot, NH+4 is essential 

during somatic embryo induction, while somatic embryo development occurs on a medium containing NO-3 as the 

sole nitrogen source. The yield of alfalfa somatic embryo has considerably increased when amino acids such as 

proline, alanine, arginine and glutamine were added to the medium.  

4. Genotype of explant:Explant genotype may determine the regeneration of somatic embryo. Of the 500 varieties of 

rice screened, 19 showed 65-100% embryogenesis, 41 showed 35-64% embryogenesis and the remaining 440 
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cultivars were less efficient in regeneration. These genotypic variations could be due to endogenous levels of 

hormones. The success in obtaining regenerating cultures of several recalcitrant species (cereals, grain legumes 

and forest tree species) has been possible largely due to explant selection rather than media manipulation. 

Immature zygotic embryos have proved to be the best explant to raise embryogenic cultures of 

recalcitrant plants. However, cotyledons from somatic embryos of soybean gave considerably higher 

embryogenic response than those from zygotic embryos.  

Other factors: Polyamines (putrescine, spermidine and spermine) are required for embryo development in vivo or 

in vitro. High K+ levels and low dissolved O2 levels promote somatic embryo regeneration in some species. The 

need for reduced dissolved oxygen could be substituted by the addition of ATP to the medium, suggesting that, 

probably, oxygen tension enhanced the level of cellular ATP. In Citrus, some volatile compounds like ethanol 

inhibit somatic embryo regeneration.  

Miscellaneous factors:  

a) Culture environment  

b) Bacterial compounds or contamination during tissue culture process.  

c) Electric stimulation: Stimulation of shoot bud differentiation in wheat, tobacco and alfalfa callus culture was 

achieved by exposure to mild electric field (0.02 V).  

 

 

**************** 
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Synthetic Seeds 
Lect Note- AGP 218,  

Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

Synthetic seeds are defined as artificially encapsulated somatic embryos, shoot 

buds, cell aggregates, or any other tissue that can be used for sowing as a seed 

and that possess the ability to convert into a plant under in vitro or natural 

conditions and that retain this potential also after storage. In simple words 

synthetic seed contains an embryo produced by somatic embryogenesis 

enclosed within an artificial medium that supplies nutrients and is encased in an 

artificial seed covering. 

 

The technology designed to combine the advantages of clonal propagation with 

those of seed propagation and storage. Also be as channel for new plant lines 

produced through biotechnology advances. 

 

The first synthetic seeds were produced by Kitto and Janick in 1982 using carrot. 

Why Synthetic Seeds? 

In some of the horticultural crops seeds propagation is not successful due to: 

 Heterozygosity of seeds particularly in cross pollinated crops 

 Minute seed size eg; orchids 

 Presence of reduced endosperm 

 Some seeds require mycorrhizal fungi association for germination eg: orchids 

 No seeds are formed 

These crop species can be propagated by vegetative means like micro 

propagation and clonal propagation. 

Characteristics of Synthetic Seeds 

1. High volume, large scale propagation method 

2. Maintains genetic uniformity of plants 

3. Direct delivery of propagules to the field, thus eliminating transplants 

4. Lower cost per plantlet 

5. Rapid multiplication of plants 

Based on technology established so far, two types of synthetic seeds are 

known: 
 

Desiccated: The desiccated synthetic seeds are produced from somatic embryos 
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either naked or encapsulated in polyoxyethylene glycol (Polyoxr) followed by their 

desiccation.  

 

Desiccation can be achieved either slowly over a period of one or two weeks 

sequentially using chambers of decreasing relative humidity, or rapidly by 

unsealing the petri dishes and leaving them on the bench overnight to dry. Such 

types of synthetic seeds are produced only in plant species whose somatic 

embryos are desiccation tolerant. 

 

Hydrated: hydrated synthetic seeds are produced in those plant species where the 

somatic embryos are recalcitrant and sensitive to desiccation. Hydrated synthetic 

seeds are produced by encapsulating the somatic embryos in hydrogel capsules. 

Procedure for Synthetic Seed Production: 

The somatic embryos for synthetic seeds are produced in the lab through culturing 

of somatic cells and treating with different hormones to produce root and shoot. 

The following are the different steps involved in artificial seeds production; 
 

1. Establish somatic embryogenesis 

2. Mature somatic embryos 

3. Synchronize and singulate somatic embryos 

4. Mass production of embryos 

5. Encapsulation of matured somatic embryos 

6. Desiccation 

7. Field planting 

Somatic Embryos 

Somatic embryos are bipolar structure with both apical and basal meristematic 

regions which are capable of forming shoot and root, respectively. 

Somatic embryogenesis is the development of embryos from vegetative cells with 

in vitro systems. Specific tissues have a capacity for somatic embryogenesis in 

cultural systems. This allows the clonal propagation of normally seed-propagated 

crops analogous to the production of apomictic seedlings. Somatic embryos 

develop through stages similar to zygotic embryos, however, the final size for the 

cotyledons are usually reduced and there is no development of endosperm or 

seed coat. 
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Zygotic Embryos V/S Somatic Embryos 

Zygotic embryos Somatic embryos 

Is the result of a sexual process Produced as a result of asexual process 

involve fusion of male and female 

gametes 
doesnâ€™t involve male and female 

Produced form sexual cells Produced from vegetative cells 

contains genetic constituent form 

both parents 
contains genetic constituent form 

Genetic recombination takes 

place 
No genetic recombination will take 

Contains embryo, endosperm and 

seed coat 

Contains only embryo and endosperm 

and seed coat are absent 

Encapsulation of Matured Somatic Embryos 

Somatic embryos are naked embryos without storage materials and protective 

layer (seed coat). This is very difficult for handling so this demands the 

encapsulation and coating. The somatic embryos produced are encapsulated 

using gel agents like agar, alginate, polyco, carboxymethyl cellulose, guar gum, 

sodium pectate etc. Among these, alginate encapsulation was found to be more 

suitable. Alginate hydrogel is frequently selected as a matrix for synthetic seed 

because of its moderate viscosity and low spinnability of solution, low toxicity for 

somatic embryos and quick gellation, low cost and bio-compatibility 

characteristics. Alginate is chosen because it enhances capsule formation and 

also the rigidity of alginate beads provides better protection to the encased 

somatic embryos against mechanical injury. The use of agar as gel matrix was 

deliberately avoided as it is considered inferior to alginate with respect to long 

term storage. 

 

Application of Synthetic Seeds 

 
By combining the benefits of a vegetative propagation system with the capability 

of long-term storage and with the clonal multiplication, synthetic seeds have many 

diverse applications. 
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1. Multiplication of non-seed producing plants, ornamental hybrids or 

polyploids plant 

2. Propagation of male or female sterile plants for hybrid seed production 

3. Germplasm conservation of recalcitrant species 

4. Multiplication of transgenics 

Limitations 

1. Limited production of viable micropropagules that are useful in synthetic 

seed production 

2. Asynchrous development of somatic embryos 

3. Improper maturation of somatic embryos that makes them inefficient for 

germination and conversion in to normal plants 

4. Lack of dormancy and stress tolerance in somatic embryos that limit the 

storage of synthetic seeds 

5. Somoclonal variations which may alter the genetic constitution of the 

embryos 
 
 

 
********************* 
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Somaclonal Variation 

Lect note: AGP 218 
J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 

A general term somaclone is proposed to the regenerates coming out of tissue culture. 

Variation displayed by such regenerates from tissue culture is called somaclonal variation. 

Larkin and Scowcroft coined the term somaclonal variation. Somaclonal variation is a 

general phenomenon of allplant regeneration systems that involve a callus phase 

• There are two general types of Somaclonal Variation: 

– Heritable i.e. genetic changes (alter the DNA) 

– Stable, but non-heritable changes (epigenetic) 
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Major causes of somaclonal variation 

1. Physiological causes 

2. Genetic causes 

3. Biochemical causes 

4. Induced or directed causes 

5. In vitro mutation 

6. Use of selection agents 

Causes for variation 
 
Changes of mother plant origin 
 
Regenerated plants may contain a different chimeral composition or may no longer be 
chimera at all. Cell variation also occurs if callus is initiated from explants containing 
differentiated and matured tissues that have specialized function. 
 
Explant derived variation 
The most stable cultures are obtained from meristematic tissue of a mature plant or tissues 
of a very young organ of meristematic nature. Polyploid cells can give more variability than 
diploids. 
 

1. Genetic changes arising in culture 

Ploidy Changes: Three phenomena that occur during mitosis lead to most changes in ploidy:  

 Endomitosis (sister chromatids separate within the nuclear membrane, but there is no 

spindle formation nor cytoplasmic division) 

 Endoreduplication (chromosomes at interphase undergo extra duplications) 

 Spindle fusion (giving binucleate or multinucleate cells). 

2. Structural changes in the DNA sequence 

Gross structural rearrangements appear to be a major cause of somaclonal variation. These 

involve large segments of chromosomes and so may affect several genes at a time. 

 Deletions (genes missing, for example 1,2,3,4 now 1,2,4) 

 Inversions (gene order altered, for example 1,2,3,4 now 1,3,2,4) 

 Duplications (1,2,3,4 now 1,2,2,3,4) 

 Translocations (whole chromosomal segments moved to a new location, for example 

1,2,3,4 now 1,2,3,4,A,B,C). 
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3. Effect of the culture process  

Lengthy culture periods, growth and other aspects of the culture medium may also affect 

the ploidy of the cultured cells. Medium that places cells under nutrient limitation will 

favor the development of "abnormal" cells. Chromosomal alterations, like ploidy 

changes, increase with increased lengths of culture. 

In mixed populations of cells with different ploidys, diploid cells retain their organogenic 

potential better than polyploid and aneuploid cells (probably due to an enhanced ability 

to form meristems). One common alteration seen in plants produced through tissue 

culture is rejuvenation, especially in woody species. Rejuvenation may lead to changes in 

morphology, earlier flowering, improved adventitious root formation, and/or increased 

vigor. 

Somaclonal Breeding Procedures 

Selection of somaclonal variants on subjecting the cells to selection pressure 

Selection of cells in the presence of 

Resistance to herbicide - Herbicide 

Resistance to salt - Sodium chloride / Aluminium 

Resistance to drought - PEG / Mannitol 

Resistance to frost - Hydroxy proline resistant lines 

Resistance to pathogens -  Pathotoxin / Culture filtrate 

 Advantages 

– Screen very high populations (cell based) 

– Can apply selection to single cells 

 Disadvantages 

 

– Many mutations are non-heritable 

– Requires dominant mutation (or double recessivemutation); most mutations are recessive 

Successes of Somaclonal Breeding 

– Most successful application of somaclonal breeding have been herbicide tolerance 

– Glyphosate resistant tomato, tobacco, soybean (GOX enzyme) 

–Glyphosate tolerant petunia, carrot, tobacco and tomato(elevated EPSP (enol 

pyruvylshikimate phosphate synthase)) 

Other Targets for Somaclonal Variation 
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• Specific amino acid accumulators- Screen for specific amino acid productione.g. Lysine in 

cereals 

• Abiotic stress tolerance– Add or subject cultures to selection agent– e.g.: salt tolerance, 

temperature stresses, etc… 

• Disease resistance– Add toxin or culture filtrate to growth media 

 
Crop improvement through somaclonal variation for desirable characters 

Crop Characters modified 

Crop Trait improved 
 

Sugarcane Resistance to Eye spot, Fijivirus, downy mildew, leaf scald 

Potato Tuber shape, maturity date, plant morphology, photperiod, 

leaf colour, vigour, height, skin colour, resistance to early 

and late blight 

Rice Plant height, heading date, seed fertility, grain number and 

weight 

Wheat Plant and ear morphology, awns,, grain weight and yield, 

gliadin 

proteins,amylase 

Maize T toxin resistance, male fertility, mt DNA 

Medicago sativa Multifoliate leaves, elongated petioles, growth, branch, no.of 

plants, dry 

matter yield 

Tomato Leaf morphology, branching habit, fruit colour, pedicel, male 

fertility, growth 

Avena sativa Plant height, heading date,awns 

Hordeumspp Plant height and tillering 

Lolium hybrids Leaf size, flower, vigour, survival 

 

. 
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SOMATIC HYBRIDIZATION 
(Protoplast Isolation & Fusion) 

Lect note: AGP 218, Dr. J.P. Jaiswal, Prof., GPB 
 

Concept 

Sexual hybridization is a conventional method used to improve characteristics in the 
cultivated plant. Sexual hybridization can be only be used for the same plant species. 

In Somatic hybridization, a hybrid cell is formed by in vitro protoplast fusion. Then 
this fused protoplast is developed to form a hybrid plant.  Plant protoplast has 
provided novel approaches to create a new genetically modified cell. Hence, Plant 
protoplasts can be used in genetic manipulations or modification and improvement 
of the crop for somatic cells.  Protoplast fusion can be used for different plant 
species, hence somatic hybridization has an advantage over sexual hybridization. 
 

Major steps in the somatic hybridization: 
 

(1) Isolation of protoplasts 
(2) Fusion of protoplasts  
(3) Hybrid cell selection 
(4) Hybrid cell identification and characterization  
 

The protoplast 
The protoplast, also known as naked plant cell refers to all the components of a 
plant cell excluding the cell wall. Hanstein introduced the term protoplast in 1880 
to designate the living matter enclosed by plant cell membrane. Cocking (1960) 
was first to use enzymes to release protoplasts.  
 
(1) Isolation of protoplasts 
 
Methods of protoplsat isolation  
Protoplasts are isolated by two methods: (i) mechanical and (ii) enzymatic methods.  
 
(i) Mechanical method 
In this method, large and highly vacuolated cells of storage tissues such as onion 
bulb scales, radish root and beet root tissue could be used for isolation. Klercker 
(1892) isolated protoplasts from isolated protoplasts from Stratiotes aldoides by 
this method. However, this method is generally not followed because of certain 
disadvantages: (i) it is restricted to certain tissues which have large vacuolated 
cells. (ii) Yield of protoplasts is generally very low. Protoplasts from less vacuolated 
and highly meristematic cells do not show good yield. (iii) The method is tedious 
and laborious. (iv)Viability of protoplasts is low because of the presence of 
substances released by damaged cells. The mechanical method is used when there 
are side effects of cell wall degrading enzymes.  
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(ii) Enzymatic method  
Cocking in 1960 demonstrated the possibility of enzymatic isolation of protoplasts 
from higher plants. He used concentrated solution of cellulase to degrade the cell 
walls. Takabe et al. (1968) for the first time employed commercial enzyme 
preparation for isolation of protoplasts and subsequently regenerated plants in 
1971. Success of protoplast isolation depends upon the following factors: 
 
Table 1.  Some commercially available enzymes used for protoplast isolation 

 
 
 
 
 
 
 
 

 
(a) Physiological state of tissue and cell material: Protoplasts have been isolated 
from a variety of tissues and organs including leaves. Petioles, shoot apices, roots, 
fruits, coleoptiles, hyprcotyls, stem, cmbryos, microspores, callus and cell 
suspension culture of a large number of plant species. A convenient and most 
suitable source of protoplasts is mesophyll tissue from fully expanded leaves of 
young plants or new shoots.  
 

(b) Enzymes: The release of protoplasts is very much dependent on the nature and 
composition of enzymes used to digest the cell wall. Pectinase mainly degrades the 
middle lamella, while cellulose and hemicellulase are required to digest the 
cellulosic and hemicellulosic components of the cell wall, respectively.  
The activity of the enzyme is pH dependent and is generally indicated by the 
manufacturer. However, in practice the pH of enzyme solution is adjusted between 
4.7 and 6.0. Generally the temperature if 25-300C is adequate for isolation of 
protoplasts. Duration of enzyme treatment may vary from 30 min  to 20 hours.  
 

(c) Osmoticum: Protoplasts released directly into standard cell culture medium 
will burst. Hence, in isolating protoplasts, the wall pressure that is mechanically 
supported by cell wall must be replaced with an appropriate osmotic pressure in the 
protoplast isolation mixture and also later in the culture medium. Lower (more 
negative) osmotic potentials are usually generated by the addition of various ionic 
or non-ionic sloutes. Non-ionic substances include carbohydrates such as mannitol, 
sorbitol, glucose, fructose, galactose or sucrose. Ionic substances are postassium 
chloride, calcium chloride are the most frequently used with mannitol preferred for 
isolation  of leaf mesophyll protoplasts.  
 
In addition to the above the protoplast purification, culture techniques and culture 
medium also  affect the protoplast isolation.  
 

  

Enzyme Source 
Cellulase Onzuka R-10 Trichoderma viride 
Hemicellulase Aspergillus niger 
Hemicellulase H -2125 Rhizpus spp. 
Helicase Helix pomatia 
Pectolyase Aspergillus japonicas 

Enzyme Source 
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(2) Protoplast fusion 
 

The protoplast has no cell wall, hence it very easy to fuse two different protoplasts 
of the different genome. As these two protoplasts have no cell wall there is no 
barrier for the incompatibility between species. 

 

Methods for protoplast fusion: 
 

1. Spontaneous fusion: In this process, homokaryocytes are formed, when there is 
a fusion of two protoplasts isolated during enzymatic degradation from adjacent 
cells. Hence, it is a natural process, where fused protoplast may contain varying 
numbers of nuclei from 2 to 40. Spontaneous fused protoplast does not 
regenerate into the whole plant. 

 

2. Induced fusion: In this method, two protoplasts are fused by using fusion-
inducing agents or called as fusogens. Two protoplasts of different strains 
undergo fusogen treatment, which causes adhesion of protoplasts, leading to the 
formation of fused protoplast of heterokaryon and then to form a hybrid.  

 

Fusogens, namely, polyethylene glycol (PEG), polyvinyl alcohol, lysozyme, 
dextran, fatty acids, esters, NaNO3, high pH/Ca2+ and electrofusion etc. are used. 
Among these PEG is the most successful fusogen for fusing the protoplasts.  

 
Mechanism of Fusion: (i) Agglutination or adhesion, (ii) Plasma membrane 
fusion at localized cells, and (iii) Formation of heterokaryon are three 
mechanisms of protoplast fusion. 

 

3. Hybrid cell selection 
 

Generally, 20-25% of the protoplast is involved in the infusion process. Alter 
fusion is completed, the fused protoplasts contain homokaryons (unfused 
chloroplasts) and heterokaryons among the total protoplast population. Hence it 
is necessary to identify hybrid cells or so-called heterokaryon. This is done by 
biochemical method, cytometric methods, and visual method. 

   
4. Hybrid cell identification 

 

This process is required for the genetic contribution of the parental protoplast to 
develop hybrid cells and then to develop a hybrid plant. Identification can be 
done by molecular techniques like PCR, counting the number of chromosomes, 
isoenzymes analysis of hybrid plants, etc. 
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Cybrids or cytoplasmic hybrids 
 
Cybrids, in which, the cytoplasm is derived from both parents and the nucleus from 
one parent. The phenomenon for the formation of Cybrids is known as 
cybridization. Cybrids are hybrids only from cytoplasm. 
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Applications of somatic hybridization  
 

Somatic hybridization (SH) using protoplast fusion is a promising tool to produce 

symmetrical and asymmetrical polyploidy somatic hybrids in many agricultural 

crops. The technique of SH could facilitate conventional breeding by providing novel 

lines so as to use them as elite breeding materials in conventional crosses for both 

scion and rootstock improvement. Further, SH can overcome those problems 

associated with sexual hybridization, viz., sexual incompatibility, nucellar 

embryogenesis, and male/female sterility. Successful exploitation of SH in 

horticultural crops mainly comes from the transfer of resistance genes for biotic and 

abiotic stresses from related species in several horticultural crops, viz., citrus, 

potato, brinjal, tomato, mango, avocado, banana, strawberry, pear, cherry, etc. Some 

examples of genetic traits viz., biotic (disease resistance), abiotic stress tolerance 

traits, quality traits etc. transferred via protoplast fusion is given in Table 2.  
 

Table. 2. Genetic traits transferred via protoplast fusion     
Somatic hybrids  Traits( resistance) 
Nicotiana tabacum +N. nesophila Tobacco mosaic virus 
Solenum tuberosum +S. chacoense Potato virus X 
B.  napus + B. nigra Phoma lingam 
B. oleracea + Sinapis alba Alternaria brassiceae 
Lycopersicon esculentum +L. peruvianum TMV, spotted wilt virus, cold 

tolerance 
Raphanus sativus + Brassica napus Beet cyst nemotode 
Quality character   
N. rustica +N. tabacum High nicotine content 
 (Transferred via cybrids Agronomic characters formation) 
N. tabacum + N. sylvestris Streptomycin resistance 
N. tabacum + N. sylvestris CMS 

                                                  
 
Limitations of somatic hybridization 
 

 It is not always possible to produce plants that give visible or fertile seeds 

 Genetic instability is associated with protoplast culture 

 Diploid protoplast is not recommended for protoplasmic fusion 

 It is difficult to produce viable somatic hybrids by protoplasmic fusion.  

 

 

 
 



GENE TRANSFER METHODS

Dr. J.P. Jaiswal, Professor 
Deptt. of Genetics & Plant Breeding, 

GBPUAT, Pantnagar
(Lecture Note for AGP 218/BBC218)



 To add a desired trait to a crop, a foreign gene
(transgene) encoding the trait must be inserted into
plant cells, along with a “cassette” of additional
genetic material.

 The cassette includes a DNA sequence called a
“promoter,” which determines where and when the
foreign gene is expressed in the host, and a “marker
gene” that allows breeders to determine which plants
contain the inserted gene by screening or selection.
For example, marker genes may render plants
resistant to antibiotics that are not used medically
(e.g., agromycin, canamycin) or tolerant to certain
herbicides.

Concept



Gene Transfer Methods in Plants





Features of Agrobacterium tumefaciens
 Agrobacterium tumefaciens is a soil-borne, Gram-negative

bacterium. It is rod shaped and motile, and belongs to the bacterial
family of Rhizobiaceae.

 A. tumefaciens is a phytopathogen, and is treated as the nature’s
most effective plant genetic engineer.

 As A. tumefaciens infects wounded or damaged plant tissues, in
induces the formation of a plant tumor called crown gall. The entry
of the bacterium into the plant tissues is facilitated by the release of
certain phenolic compounds (acetosyringone,
hydroxyacetosyringone) by the wounded sites.

 Crown gall formation occurs when the bacterium releases its Ti
plasmid (tumor- inducing plasmid) into the plant cell cytoplasm.

 A fragment (segment) of Ti plasmid, referred to as T-DNA, is actually
transferred from the bacterium into the host where it gets integrated
into the plant cell chromosome (i.e. host genome). Thus, crown gall
disease is a naturally evolved genetic engineering process.



Organization of Ti plasmid:

 The Ti plasmids (approximate size 200 kb each) exist as 
independent replicating circular DNA molecules within the 
Agrobacterium cells.

 The T-DNA (transfer DNA) is variable in length in the range 
of 12 to 24 kb, which depends on the bacterial strain from 
which Ti plasmids come.

 Nopaline strains of Ti plasmid have one T-DNA with length 
of 20 kb while octopine strains have two T-DNA regions 
referred to as TL and TR that are respectively 14 kb and 7 
kb in length.



Target gene

Ti p|as mid

Transformed plants

T-DNA In\egrat d with target gene

Shoot Induction medium

Narmal plant 
Ie d

Methods of Gene Transfer



Methods of Gene Transfer



Selection of transformed cells from 
untransformed cells

The selection of transformed plant cells from
untransformed cells is an important step in the plant
genetic engineering. For this, a marker gene (e.g. for
antibiotic resistance) is introduced into the plant along
with the transgene followed by the selection of an
appropriate selection medium (containing the
antibiotic).

 The segregation and stability of the transgene
integration and expression in the subsequent
generations can be studied by genetic and molecular
analyses (Northern, Southern, Western blot, PCR).



Screening of tranformants by PCR analysis



PCR Technique and Its Applications 

Lect AGP218: Dr. J.P. Jaiswal, Prof., GPB 

 

 

Thermal cycler is popularly known as PCR (machine). Typically, PCR consists of a series of 
20-40 repeated temperature changes, called cycles, with each cycle commonly consisting of 
2-3 discrete temperature steps, usually three (Fig. 2). The cycling is often preceded by a 
single temperature step (called hold) at a high temperature (>90°C), and followed by one 
hold at the end for final product extension or brief storage. The temperatures used and the 
length of time they are applied in each cycle depend on a variety of parameters. These 
include the enzyme used for DNA synthesis, the concentration of divalent ions and dNTPs in 
the reaction, and the melting temperature (Tm) of the primers. 

 Initialization step: This step consists of heating the reaction to a temperature of 94–
96 °C (or 98 °C if extremely thermostable polymerases are used), which is held for 1–9 
minutes. It is only required for DNA polymerases that require heat activation by hot-start 
PCR. 

 Denaturation step: This step is the first regular cycling event and consists of heating 
the reaction to 94–98 °C for 20–30 seconds. It causes DNA melting of the DNA template 
by disrupting the hydrogen bonds between complementary bases, yielding single-
stranded DNA molecules. 

 Annealing step: The reaction temperature is lowered to 50–65 °C for 20–40 seconds 
allowing annealing of the primers to the single-stranded DNA template. Typically the 
annealing temperature is about 3-5 degrees Celsius below the Tm of the primers used. 
Stable DNA-DNA hydrogen bonds are only formed when the primer sequence very 
closely matches the template sequence. The polymerase binds to the primer-template 
hybrid and begins DNA formation. 

 Extension/elongation step: The temperature at this step depends on the DNA 
polymerase used; Taq polymerase has its optimum activitytemperature at 75–80 °C, and 
commonly a temperature of 72 °C is used with this enzyme. At this step the DNA 
polymerase synthesizes a new DNA strand complementary to the DNA template strand 
by adding dNTPs that are complementary to the template in 5' to 3' direction, 
condensing the 5'-phosphate group of the dNTPs with the 3'-hydroxyl groupat the end of 
the nascent (extending) DNA strand. The extension time depends both on the DNA 
polymerase used and on the length of the DNA fragment to be amplified. As a rule-of-
thumb, at its optimum temperature, the DNA polymerase will polymerize a thousand 
bases per minute. Under optimum conditions, i.e., if there are no limitations due to 
limiting substrates or reagents, at each extension step, the amount of DNA target is 
doubled, leading to exponential (geometric) amplification of the specific DNA fragment. 

 Final elongation: This single step is occasionally performed at a temperature of 70–
74 °C for 5–15 minutes after the last PCR cycle to ensure that any remaining single-
stranded DNA is fully extended. 

 Final hold: This step at 4–15 °C for an indefinite time may be employed for short-term 
storage of the reaction. 
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http://en.wikipedia.org/wiki/Denaturation_(biochemistry)#Nucleic_acid_denaturation
http://en.wikipedia.org/wiki/DNA_melting
http://en.wikipedia.org/wiki/Annealing_(biology)
http://en.wikipedia.org/wiki/Taq_polymerase
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Phosphate_group
http://en.wikipedia.org/wiki/Hydroxyl_group


 

 

Figure 2: Schematic drawing of the PCR cycle. (1) Denaturing at 94–96 °C. (2) Annealing at 
~65 °C (3) Elongation at 72 °C. Four cycles are shown here. The blue lines represent the DNA 
template to which primers (red arrows) anneal that are extended by the DNA polymerase (light 
green circles), to give shorter DNA products (green lines), which themselves are used as 
templates as PCR progresses. 

http://en.wikipedia.org/wiki/File:PCR.svg


 
 

Figure 3: Ethidium bromide-stained PCR products after gel electrophoresis. Two sets of primers 
were used to amplify a target sequence from three different tissue samples. No amplification is 
present in sample #1; DNA bands in sample #2 and #3 indicate successful amplification of the 
target sequence. The gel also shows a positive control, and a DNA ladder containing DNA 
fragments of defined length for sizing the bands in the experimental PCRs. 

To check whether the PCR generated the anticipated DNA fragment (also sometimes 
referred to as the amplimer or amplicon), agarose gel electrophoresis is employed for size 
separation of the PCR products. The size(s) of PCR products is/are determined by 
comparison with a DNA ladder (a molecular weight marker), which contains DNA fragments 
of known size, run on the gel alongside the PCR products (Fig. 3). 

Application of PCR in Biotechnology and Genetic Engineering 
 

During the last three decades (1990-2020), with the improvement of PCR protocols and 
due to the availability of automatic thermal cyclers commercially, the applications of PCR 
have increased many-fold. The following are some of the applications of PCR: 
 

1. Study of DNA polymorphism and marker trait associations using PCR 
DNA polymorphism is largely studied through DNA-based molecular markers, and a 
variety of molecular markers  have been developed using PCR. These PCR based 
molecular markers became the markers of choice during 1990s and were extensively 
used for the study of DNA polymorphism in a variety of animal and plant systems. These 
PCR – based  marker were also used for association studies, detection of marker-trait 
association for gene-tagging, which proved extremely useful for diagnostics and risk 
assessment in humans and for marker- aided selection (MAS) in crops. Some of these 
markers include RAPD , SSR ,AFLP, SNP etc.  
 

2. Study of diversity using PCR 
 
PCR helps in the diversity analysis of indigenous and exotic germplasm as well as land 
races, elite breeding lines and cultivars. 
 

3. PCR for confirming the presence of transferred gene 
When a gene transferred to cultured cells or organisms with the help of a vector, primers 
can be designed to conduct PCR for amplification of the gene sequence so transferred. 

DNA ladder 

http://en.wikipedia.org/wiki/File:Roland_Gel.JPG
http://en.wikipedia.org/wiki/Gel_electrophoresis
http://en.wikipedia.org/wiki/Amplicon
http://en.wikipedia.org/wiki/Agarose_gel_electrophoresis
http://en.wikipedia.org/wiki/DNA_ladder


This technique allow confirmation of transfer and maintenance of the gene of interest. 
Thus PCR proves to e immerse help in monitoring a gene, in genetic engineering 
experiments.   
 

4. DNA fingerprinting using PCR 
a. PCR is also used for DNA fingerprinting to identify individual cultivars or for 

characterization of germplasm. Some well characterized sequences of microsatellites 
are being used for designing primers, so that DNA fingerprinting may be achieved 
through PCR. PCR allows amplification of DNA even from fossils or from herbarium 
specimens having partially degraded DNA, which could not be used earlier for 
characterization of individuals. 

b. The genetic identification of forensic samples, even DNA extracted from a hair or a 
single sperm are sufficient for PCR amplification. 
 

5. Diagnosis 

PCR has extensive applications in the diagnosis of genetic disorders such as 
phenylketoneurea, hemophilia, sickle cell anemia etc.  

 

*************** 
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Molecular markers and marker assisted breeding and 
achievements 

 
Lect note by Dr. J.P. Jaiswal, Prof., Genetics & Plant Breeding 

 
 
 

I. Molecular markers 

 
A DNA marker can e defined as  a DNA  segment  of known  or unknown structure and 
function, which can be used  to detect the presence  of specific  sequences  of nucleotides  in 
another DNA or RNA molecule. The first of these molecular markers, described as 
restriction fragment length polymorphism (RELPs), became available in early 1980s. 
However, during late 1980s, 1990s and later, new markers were developed every 5-10 
years  so that we  now have variety  of markers. These markers have been described as 
first, second, third and fourth generation markers, in the order, in which these were 
developed. 
               
Table. Some important DNA based molecular markers and their features 
 
Marker name 
(Acronyms) 

Full form Type of marker and its features 

RELP Restriction Fragment 
Length Polymorphism 

Hybridization based 
Co-dominant 
Length polymorphism 

RAPD Randomly Amplified 
polymorphic DNA 

PCR-based  
Dominant  
Sequence polymorphism 

SSR/STR Simple Sequence/Tandem 
Repeat  (Microsatellite)  

PCR-based  
Co-dominant 
Length polymorphism 

AFLP Amplified Fragment 
Length Polymorphism  

PCR-based,  
Dominant (rarely   co dominant), 
Sequence polymorphism 

SNP Single nucleotide 
Polymorphism 

PCR/microarray-based 
Co-dominant)  
Sequence polymorphism 

STS Sequence Tagged  Site PCR-based 
Co-dominant 
Length polymorphism 

 
 

During the last four decades (starting 1980), DNA- based molecular markers have been 
used extensively to study DNA polymorphism. This led to the discovery of molecular basis 
of number of useful agronomic traits in a variety of crop plants. These molecular markers 
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are also used for indirect molecular  marker- aided selection (MAS) of desirable traits in 
crop plants.  
 
Use of molecular markers 

 

During the last three decades (starting from 1980), molecular markers have been used for 

a variety of purposes in biotechnology, both animal and plant systems. In all these cases, 

the ability of these markers to detect DNA polymorphism has been utilized. Following are 

some important uses. 

 

Marker trait associations: Molecular markers have been extensively utilized for detecting 

marker trait associations, for detecting marker associated with desirable traits. Makers 

thus detected can be used for marker aided selection (MAS) In plant breeding programmes. 

Major programmes in several crops are currently underway for this purpose. 

 

Construction of molecular maps: DNA based markers have also been used for 

construction of genetic, cytogenetic and physical maps of genome in a number of plant 

systems. 

 

Evolutionary studies: DNA markers have also been used for diversity analysis involving 

crop germplasm, and for the study of the evolutionary studies among the genotypes of the 

same species or among different related species in general. Statistical methods have also 

been developed for this purpose and are used for large number of studies. 

 

Marker assisted breeding and achievements 

 

Marker assisted breeding also called as marker assisted backcrossing (MAB) and marker 

assisted selection (MAS) is the process of using the results of DNA tests to assist in the 

selection of individuals to become the parents in the next generation of a genetic 

improvement programme. It is an approach that has been developed to avoid problems 

connected with conventional plant breeding by changing the selection criteria  from 

selection of phenotypes towards selection of genes/QTLs that control the traits of 

interest, either directly or indirectly. There are three levels of selection in which markers 

may be applied in back cross breeding: 

 
1. In the first level, markers may be used to screen for the target trait. 

2. The second level of selection involves selecting backcross progeny with the 

target gene and tightly–linked flanking markers in order to minimize the linkage 

drag. This is referred a ‘recombinant selection’. This is the most required task in 

backcross breeding programme while using wild relatives as donor parent for 

transferring disease/pest resistance or tolerance to environmental stresses. 
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3. The third kevel of MAB involves selecting backcross  progeny (that have already 

been selected for the target trait) with ‘background markers’. In other words, 

markers can be used to select against the donor genome, which may accelerate the 

recovery of the recurrent parent genome. With conventional backcrossing, it takes a 

minimum of 5 to 6 generations to recover recurrent parent, however using MAB this 

can be achieved in 2 to 3 generations.   

 
Marker assisted foreground selection: This is used for gene introgression from one 

genetic background to another and pyramiding multiple alleles/genes into a genotype from 

multiple donors as well. 

 
Marker assisted background selection: The objective of any backcross programme is to 

select the one or few desirable gene from donor line and retain the remaining of the 

background of the recurrent parent. Recovery of the background through conventional 

backcrossing requires many generation of crossing and selection. However, molecular 

markers can be used as indirect selection for the quick recovery of genetic background of 

recurrent parent. In this case selection target is recovery of recurrent parent genome 

excluding the target gene(s) i.e. genetic background and hence it is called as 

background selection. 

 
Application marker assisted breeding in crop improvement 
 
The following could be the applications of MAB/MAS: 
 

1. Incorporation of disease and pest resistance. 
2. Incorporation of abiotic stress tolerance viz., heat, clod, drought, salinity, alkalinity 

etc. 
3. Pyramiding of major genes or QTLs for the development of durable resistance 
4. Improvement of quantitative (agronomic) traits 
5. Improvement of quality attributes  
6. Improvement in hybrid vigour 
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The success of MAB/MAS in the recent past is evident from the fact that a large number of 

cultivars in different crop species developed through MAS have been released for 

commercial cultivation, eg., in wheat alone about a dozen cultivars have been released for 

commercial cultivation in USA and Canada. In India, the first product of MAS was a downy 

mildew resistant pearl millet hybrid HHB-67-2 developed by ICRISAT. 

 
Achievements: Some examples: 
 
In rice: Pusa 1460 – resistant to bacterial blight and blast – developed by IARI, New Delhi 

RP BIO 226:  resistant to bacterial blight– developed by Directorate of rice research, 

Hyderabad. 

 
In maize: Vivek QPM 9- rich in quality protein maize- developed by VPKAS, Almora. Three 

single cross hybrids, PEHM2, Parkash and PEEMH5 released by IARI, New Delhi. 

 
A number of other institutions viz., GBPUAT, Pantnagar; PAU, Ludhiana, ARI, Pune; CCSU, 

Meerut; TNAU, Coimbatore, MAS etc are actively involved in the development of varieties of 

different crops through MAS.  

 

 
 

***************** 
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